Laser induced ultrafast demagnetization in ferromagnetic metals was discovered almost 20 years ago, but currently there is still lack of consensus on the microscopic mechanism responsible for the corresponding transfer of angular momentum and energy between electron, lattice and spin subsystems. A distinct, but intrinsically correlated phenomenon occurring on a longer timescale is the magnetization precession after the ultrafast demagnetization process, if a magnetic field is applied to tilt the magnetization vector away from its easy direction, which can be attributed to the change of anisotropy after laser heating. In an in-plane magnetized Pt/Co/Pt thin film with perpendicular interface anisotropy, we found excellent agreement between theoretical prediction with plausible parameters and experimental data measured using time resolved magneto-optical Kerr effect. This agreement confirms that the time evolution of the anisotropy field, which is driven by the interaction between electrons and phonons, determines the magnetization precession completely. A detailed analysis shows that, even though the whole sample is magnetized in-plane, the dynamic interface anisotropy field dictates the initial phase of the magnetization precession, highlighting the significance of the interface anisotropy field in laser induced magnetization precession.
Since the first experimental demonstration of ultrafast demagnetization in ferromagnetic Ni in 1996 1 , the interplay between coherent light and magnetic order has attracted much attention in the magnetism community 2 . The physics involved in the laser induced ultrafast demagnetization is so complicated that, after almost 20 years of its discovery, the microscopic mechanism responsible for the transfer of angular momentum between electron, spin and lattice subsystems, upon irradiation by laser pulses, remains elusive. Possible candidates include direct angular momentum transfer from photons to electrons 3 , electron-phonon scattering 4,5 , electron-magnon scattering 6 , electron-electron scattering 7 , and coherent interaction between electrons and photons 8 . In contrast to these local dissipation channels, superdiffusive transport due to the different lifetime for spin-up and spin-down electrons was proposed to account for the demagnetization observed in the first several hundred femtoseconds after laser irradiation 9, 10 . For a complete description of the laser induced ultrafast demagnetization in ferromagnets, all of those processes should be included in a Boltzmannlike approach 11 .
A related phenomenon occuring on a longer timescale is the laser induced magnetization precession in ferromagnetic metals 12, 13 . Depending on the anisotropy of the studied material, the precession period can vary drastically. But the typical timescale is ∼ 100 ps.
The magnetization precession observed can be understood on the basis of the change of the anisotropy, which is a sensitive function of temperature. Intuitively, the two processes, i.e.
the ultrafast demagnetization occurring on the timescale of 100 fs and the magnetization precession with periods of about 100 ps, are connected to each other. Actually, with a three temperature model, the magnetization precession was explained as a consequence of the dynamic temperature profile, which is just the driving force for the ultrafast demagnetization 14 .
It was found that the qualitative behavior for films with in-plane anisotropy and out-of-plane anisotropy is different, but no quantitative conclusion was given. A similar attempt using the Landau-Lifshitz-Bloch equation 15 was made later 16 . The aim of this article is to quantify the significance of different types of anisotropy, based on a model description of the magnetization procession.
In our model description, the ultrafast demagnetization is described by the microscopic three temperature model (M3TM) 5 , and the transverse relaxation of magnetization is given by the phenomenological LLG equation 17, 18 . Hence, if only heat dissipation along the film normal (z direction) is considered, the magnetization dynamics is given by three coupled differential equations 5 ,
T e and T p are the electron and phonon temperatures, C e = γT e and C p are the corresponding heat capacities. For a free electron gas,
B /3V at with D F the electronic density of states at the Fermi energy, k B the Boltzmann constant and V at the atomic volume. ∇ z denotes the z component of the gradient operator. Source term P (t) is related to the heating effect caused by laser pulses, which are assumed to couple directly to the electron subsystem.
The three subsystems are assumed to be at equilibrium, energy and angular momentum only flow between them. m = M/M 0 , whose magnitude is m, is the magnetization vector normalized to the zero temperature saturation magnetization M 0 , γ is the gyromagnetic ratio, and α is the phenomenological Gilbert damping constant. B is the total effective magnetic field, including the external, anisotropy and demagnetizaion field contributions. T C is the Curie temperature, κ is the electronic thermal conductivity constant of the ferromagnetic metal, and g ep is the phenomenological electron-phonon coupling constant. g ep is assumed to be a constant, although it is actually a temperature dependent quantity 19 . Microscopically, g ep can be related to microscopic parameters as
whereh is the reduced Planck's constant, D p is the number of atoms per atomic volume, E D is the Debye energy, and λ ep is the microscopic electron-phonon coupling constant. Constant R determines the demagnetization rate, and is related to the spin-flip probability α sf during electron-phonon collisions, mediated by the spin-orbit coupling, through
with µ at the number density of Bohr magnetons for the ferromagnet. Compared to the M3TM 5 , the main modification made here is the addition of the transverse relaxation term to the equation of motion for the magnetization vector. In spirit, the separation of the magnetization dynamics into longitudinal and transverse relaxations used here is similarly employed in the LLB equation 15 and the self-consistent Bloch equation 20 . The only difference lies in the longitudinal relaxation term, which is given here by the M3TM 5 .
To quantify the influence of anisotropy field using Eq. (1), the magnetization dynamics of a thin Co film was studied. The sample investigated was a Pt (4 nm)/Co (4 nm)/Pt was recorded using a double modulation technique 21 . In the TRMOKE measurements, the external magnetic field was applied almost normal to the film plane (xy plane), in order to tilt the magnetization out of the film plane.
It is well known that, at Pt/Co interfaces, the interface anisotropy is perpendicular to the film plane, due to the 3d -5d hybridization there 22, 23 . Assuming negligible bulk anisotropy, the total anisotropy is a sum of the interface anisotropy and the demagnetization anisotropy,
where
0 /2 are the temperature independent, interface and demagnetization anisotropy constants. The temperature dependence of the interface anisotropy is taken into account explicitly in Eq. (4) by the term cubic 24, 25 in m. Note we have postulated that the interface anisotropy is sensitive to the lattice temperature T p , as it is primarily determined by the crystal field 14 . Due to the interface character of K s , there is a critical
Co thickness where transition from out-of-plane magnetized configuration to in-plane magnetized configuration occurs. This thickness is around 1 nm for our sputtered samples 26 .
Hence for the 4 nm Co film considered here, the demagnetization anisotropy dominates the interface anisotropy, and the film plane is the magnetic easy plane. Corresponding to Eq.
(4), the anisotropy field is given by
where B s = 2K s /M 0 , B d = µ 0 M 0 andê z is a unit vector perpendicular to the film plane.
In order to numerically study the laser induced magnetization dynamics, the Co film was divided into four layers. The top layer and the bottom layer are affected by both the interface anisotropy field and the demagnetization field, while the middle layers are only influenced by the demagnetization field, which is obtainable from Eq. (5) by setting B s = 0. The exchange coupling between adjacent layers, layer i and layer j, is modelled by the standard expression nm at zero temperature. This value is slightly larger than the experimental value ∼ 1 nm.
Since we used the bulk T C and µ at in the fitting procedure, this difference is still acceptable.
Finally, the Elliott-Yafet spin-flip probability α sf and the electron-phonon coupling constant λ ep are comparable to those obtained in Ref. 5 .
To get a holistic understanding of the magnetization precession, the time evolution of the total anisotropy field B K for the top Co layer is plotted in Fig. 2 , together with its two It is a natural result of the dynamic evolution of T e and T p , which is itself the driving force for the ultrafast demagnetization observed at short timescale (∆t < 1 ps in Fig. 1 ). As can be seen in the inset of Fig. 2 , before the equilibrium is reached, the electron temperature T e is higher than the phonon temperature T p . From Eq. (5), a higher T e , whose direct consequence is a smaller m (< m(T p )), will give a positive change of B A , compared with the value before the arrival of the laser pulses. Once an equilibrium is established between T e and T p (Actually, in the inset of Fig. 2 , there is a small amplitude overshooting of the phonon temperature, which is solely resulted from the fact that only the heat dissipation due to electron heat conduction is considered in Eq. (1)), their common value is still higher than the ambient temperature, T ≈ T e ≈ T p > T am . This results in B A ∝ mm z (T ), which is smaller than its corresponding value at ambient temperature, assuming the polar angle of m (hence m z ) is not increased in the whole process (Fig. 2, ∆B D curve) . The resulted change of anisotropy is thus negative. The above analysis qualitatively explains the change of sign for ∆B K , and hence the initial phase of the magnetization precession. Without the sign change in ∆B K , the magnetization precession will follow the ∆B D curve. In addition, more insight into the magnetization precession observed can be gained: the driving force behind the magnetization precession is the dynamic evolution of the anisotropy field, which is directly derived from the equilibration process of the electron and phonon subsystems initiated by irradiation of ultrashort laser pulses. This completes the whole picture of laser induced magnetization precession in ferromagnetic metal films.
To summarize, the laser pumped magnetization precession in Pt/Co/Pt thin film system with perpendicular interface anisotropy is investigated by time resolved magneto optical Kerr effect. Based on a microscopic three temperature model, a model description of the magnetization precession is proposed. It is found that the experimental data can be excellently fitted by the theoretical model. This agreement between theory and experiment provides insight into the different roles played by the demagnetization field and the interface anisotropy field in laser induced magnetization precession. Importantly, the initial phase of the precession is determined by the dynamic interface anisotropy field completely.
Given the possible utilization of laser induced anisotropy change in controlling magnetization dynamics, especially in search of ultrafast switching of magnetization using laser pulses,
